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Abstract  
 
Numerous preclinical results have been verified, and clinical results have validated the advantages 
of modulated electro-hyperthermia (mEHT). This method uses the nonthermal effects of the 
electric field in addition to thermal energy absorption. Modulation helps with precisely targeting 
and immunogenically destroying malignant cells, which could have a vaccination-like abscopal 
effect. A new additional modulation (high-power pulsing) further develops the abilities of the 
mEHT. My objective is to present the advantages of pulsed treatment and how it fits into the mEHT 
therapy. Pulsed treatment increases the efficacy of destroying the selected tumor cells; it is active 
deeper in the body, at least tripling the penetration of the energy delivery. Due to the constant 
pulse amplitude, the dosing of the absorbed energy is more controllable. The induced blood flow 
for reoxygenation and drug delivery is high enough but not as high as increasing the risk of the 
dissemination of malignant cells. The short pulses have reduced surface absorption, making the 
treatment safer, and the increased power in the pulses allows the reduction of the treatment time 
needed to provide the necessary dose. 
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1. Introduction 
 
Hyperthermia as a cancer cure is one of the early medical practices that originated from ancient 
medicine. The medical processes using heat remain a vital “household remedy”, even nowadays. 
Electromagnetic heating techniques replaced the ineffective ancient heat delivery. The application 
of electromagnetic effects presented unique possibilities and renewed the hyperthermia 
methodology. In modern therapeutic practices, using electromagnetic processes (mainly 
radiation) to heat the whole body or its local volume developed rapidly over a century ago. Various 
technical solutions for oncologic hyperthermia (HT) attract growing attention among oncology 
professionals.  
 
The technical development of electromagnetic heating methods in the early 1900s revolutionized 
heat application for therapeutic gains, including malignancies. The curative processes with 
electromagnetic methods became available in the first quarter of the 19th century [1]. A French 
doctor, Arsene D’Arsonval, introduced a pure electromagnetic treatment called “Darsonvalization”. 
The absorbed electromagnetic energy resulted in heating. However, the physiological effects of 
heating (change in blood perfusion, thermal homeostatic regulations, risk of malignant 
dissemination, etc.) were initially neglected. The starting process was not free from extreme 
exaggerations. The German Electric Belt Agency went far, advertising that practitioners should 
reduce or even stop using drugs, advocating for electricity treatment alone [2].  
 
The research on electromagnetic heating effects has revealed a complex interplay of factors. The 
temperature increase caused by electromagnetic energy absorption and the additional chemical 
changes (molecular excitations) induced by the electromagnetic field are key aspects. The thermal 
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component is directly related to the square of the electric current, while the field component is 
proportional to that current. The bioelectromagnetic excitation alters the chemical bonds and the 
structure of compounds through direct electric forces, while some of the absorbed energy heats 
the target, raising its temperature. The thermal effect alone can also trigger chemical reactions, 
and the field excitation enhances these effects. This understanding has paved the way for 
therapeutic practices that combine electromagnetic molecular, cellular, and tissue excitation with 
heating.  
 
A further push on the development was the discovery of microwaves, which began clinical practice 
working similarly to microwave ovens. The thermal effect of electromagnetic energy absorption 
was much more straightforward to understand and was more accessible to study; therefore, 
separating the heating and exciting (thermal and nonthermal) effects became dominant (Figure 1). 
Our present approach creates synergy between the thermal and nonthermal components of the 
electromagnetic energy absorption processes. 
 

 
Figure 1. Arsene d’Arsonval (French) and Kristian Overgaard (Danish) are the leading doctors 

who divide the nonthermal field effects from heat, and the separation has widened over time. 
 
The method’s long history has not benefited it and has increased skeptical opposition, with varying 
positive and negative results. Infancy is standard for all developing systems but is abnormal when 
it is unusually long. Hyperthermia is mature for broad acceptance.  
 
The currently known and accepted oncological hyperthermia effects can be divided into three 
categories, according to Figure 2: 
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1. It destroys the tumor cells by absorbing energy; 
2. It has immunogenic effect; 
3. In the most frequent application, it sensitizes the conventional oncotherapies, like 

radiotherapy and chemotherapy. 

 
Two primary electromagnetic therapies are applied in medice: ionizing and nonionizing radiation. 
Ionizing radiation (e.g., radiotherapy) primarily has a nonthermal effect, breaking the DNA string 
with energy and causing more nonthermal radiative damage. At the same time, its thermal 
component is only tiny in most cases. The nonionizing radiation used in hyperthermia treatments 
is the opposite of the thermal/nonthermal ratio. It usually concentrates on the thermal component 
of the radiation, and the nonthermal component is a small part of conventional hyperthermia 
(Figure 3). The ratio of the thermal component effects looks at contrasts between the two 
methods, and direct cellular damage is also unlike. The direct cellular damage in the ionizing 
instance mostly breaks the DNA strands. At the same time, in nonionizing impact, the primary effect 
targets the cells as units, with concentration on the membrane damage at a temperature of about 
42 ◦C. We discuss here the non-ablative applications, where the nonionizing has less energy than 
necessary for a direct burn. 

 
Figure 2. The hallmarks of hyperthermia’s effects in oncology. The main tasks are connected 

to complementary applications, where the thermal conditions promote the parallel 
administration of other therapies. 
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Figure 3. The treatments of electromagnetic radiation sharply differ in ionizing and 
nonionizing conditions. 

2. Electrothermal Complexity 
 
The electrothermal interactions are complex and can not be separated by thermal and nonthermal 
effects because their synergy does the job [3]. However, the ratio of these effects could be 
modified, forcing more nonthermal parts into the processes by the molecular excitation methods 
[4,5]. The primary selection mechanism uses the target’s extended electric and thermal 
heterogeneity, which can be utilized to select the molecular groups and excite the appropriate 
signal patterns [6]. The electric field gives the best opportunity for selection, which can technically 
be achieved with capacitive coupling [7]. Capacitive coupling with the intent of homogenous mass 
heating was applied on deep-seated [8] and superficial tumors [9]. Multiple clinical trials were 
performed for many metastatic stages. Soft-tissue [10] and Ewing sarcomas [11], pancreas cancer 
[12], breast cancer [13], liver tumors [14], rectal [15] and colorectal [16,17] malignancies, metastatic 
gastric tumors [18], urinary bladder lesions [19,20], esophageal [21–23], and head & neck tumors 
[24,25] all have shown the feasibility of capacitive hyperthermia with remarkable results. Some 
studies were performed on non-small-cell lung cancer, too [26,27], but its efficacy was questioned 
[28]. Intraluminal capacitive application for the esophagus has also shown feasibility [21,29].  
 
However, numerous challenges need solutions. The physiological thermal homeostasis, the thermal 
and electric inhomogeneity of the tumor, the complexity of the bioelectromagnetic processes, 
which are induced by the hyperthermia, the controllable dose, and the nearly exponential decay 
of the energy absorption, which overheats the surface, are all complications that need to be solved. 
The conventional dose is connected to the tumor’s reached temperature, supporting isotherm 
homogeneity in the target. However, due to thermal and electric heterogeneity, the heating of 
biosystems is far from thermal equilibrium. Due to the physiological corrective feedback and the 
enormously inhomogeneous malignant target, fixing a homogeneous energy absorption in the 
tumor is impossible. The physiological feedback and thermodynamic processes destroy the 
possible homogeneous absorption part. The complex reality of living objects contradicts the 
macroscopic equilibrium. Moreover, the feedback processes deviate from the standard linearity of 
the specific absorption rate (SAR) and the temperature growth [30]. The isothermal expectation 
and the time-linearity in the heating process are only an illusion.  
 
2.1. Temperature Development  

The temperature development in the selected molecular group could be higher than their 
surroundings [31] and heat the area by the thermal convection of conduction, as is 
characteristically recognized in nanoparticle heating [32]. The extensively heated distance from 
the selectively heated small parts is small, less than 100 nm, and depends on how far it is from the 
artery, which cools it down. The heated molecular groups have relatively high temperatures due to 
the absorbed energy, and the larger volumes have gradually lower temperature averages (Figure 
4). The concentrated energy absorption heats the transmembrane protein clusters (rafts), which 
heats the cell, but the average temperature will be less than in the raft. The cell heats the tumor, 
further lowering the average temperature. This thermal cascade makes it possible that the thermal 
effect, on average, remains safe and creates optimal conditions for the chemical reactions. Still, 
the micro-parts have enough energy to excite the necessary signal pathways. 
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Figure 4. The thermal cascade of the averages for the heterogenic heating of the mEHT. The 

average sizes magnify about three orders of magnitudes in the different steps. 
 
The heating by the small protein molecular groups (rafts) has limitations. When the energy is too 
large, the transmembrane proteins are dehydrated and decomposed, which does not serve the 
signal excitation demand. The selection no longer works, and the thermal component starts to 
overdominate the entire process. 

 
2.2 Selection 

The first selection step is based on the metabolic differences between cancer and healthy cells. 
The reprogrammed metabolism (Warburg effect) increases the ionic concentration in the tumor 
microenvironment, so the well-chosen RF current may prefer to flow through the tumor. The next 
selective factor finds the tumor cells, which will differ from their healthy counterpart because of 
their autonomy and the broken healthy network, which provides differentiation in the dielectric 
constant of the cell and offers a cellular selection. The selected malignant cells have 
transmembrane protein molecular clusters (membrane rafts) that are the target of the selection. 
These rafts are embedded in the well-isolating lipid membrane, so their relative conductivity is 
high, and they massively absorb the energy [31]. The energy absorption with the well-chosen 
modulation, delivered by the RF carrier frequency, induces signals leading the cell to immunogenic 
cell death (Figure 5). 

 
Figure 5. The cell is “gently” destroyed by the support of natural apoptotic signals, 

allowing the unhurt immunogenic information to be liberated during special apoptosis 
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The impedance matching allows an energy-dose measure, ensuring that mainly the selected 
molecules absorb the energy. The specific absorption rate and temperature are connected at the 
physiological level by the blood flow (vasodilatation and vasocontraction changes) [30], which has 
no relevance when the heating is nanoscopic but has an increased modification of the energy 
intake by the homogenization of the temperature, leading to overdosing. Applied fractal 
modulation is also a novel technical innovation in impedance matching solutions [33], helping to 
produce immunogenic cell death (ICD) with its dynamic synchronization for homeostatic demands. 
The modulation with impedance-matching cellular selection completes the modulated electro-
hyperthermia (mEHT) method [34,35]. The technical solution to optimize the ratio of the thermal 
and nonthermal components of the RF current needs a precise fit to the individual case, which 
changes with every treatment. The electronic solution is tuning the system to the measured 
impedance of the treated individual. The tuning seeks to form a touching situation as a purely 
metallic electrode would be fitted to the skin directly. This matching situation calculates the actual 
energy loss carefully, controls the reflected power, and matches the resonant compensation of the 
surface capacitor of the adipose tissue. The active impedance-guided capacitive solution (like 
mEHT) can use the bioelectromagnetic specialties of the malignant cells directly by RF current flow 
when it is matched to the optimized current. Cancer cells have an intensive metabolism to supply 
their proliferation [36]. The metabolic rate in most of the tumors is higher than their healthy 
counterpart (by at least 15% higher [37,38]), which selectively increases their temperature. The 
process has positive feedback because the growing temperature decreases the impedance of the 
tissue [39]. The high metabolic rate is used to identify the proliferation by positron-emission 
tomography (PET) [40,41]. The high nutrient/waste transport increases the ion concentration of the 
electrolytes in the surroundings of the malignant cell. The increased ionic concentration means a 
higher microenvironment conductivity [42] in the tumor cells and lowers the resistivity of the whole 
tumor. It could distinguish between healthy and malignant situations [43]. Due to the lack of a 
healthy cellular network in malignancy, the extracellular matrix of malignant cells has high dielectric 
permittivity, which can be used for selection [44,45]. The permittivity and the conduction modify 
the total impedance in the microenvironment of the malignant cells [46], which allows their 
automatic selection, while the RF current flows in the direction of the low electric impedance. The 
RF current density (specially chosen frequency and modulation) will self-selectively flow toward 
the malignant cells, which is measurable by the MRI current density image [47,48]. This effect is 
entirely automatic and follows any movements of the cells in real-time, solving the challenge of 
focusing.  
 
The amount of apoptosis could be regulated by the ratio of the heating (temperature grows) and 
keeping (temperature is stable) periods. In the heating-up period, the thermal effect grows, and 
the excitation (non-thermal effect) grows due to the better conditions of the molecular reaction 
rates. In the stable temperature period, the thermal and non-thermal factors are constant, and the 
absorbed energy replaces the heat loss in the system. It is observed that during the heating-up 
period by mEHT, the apoptosis rate is significantly higher than that of the temperature-keeping 
period [49]. Applied step-up heating uses this difference to improve apoptotic processes [50].  
 
2.3 Nonthermal Effects 

 Living objects are profoundly heterogenic. This heterogeneity defines the nonthermal 
electromagnetic interactions and the final effect. Electromagnetism acts through the various 
molecular and cellular structures, making energy absorption by current flow, making the 
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polarization effect for polar molecules, exciting electrons between two energy levels, arranging the 
structure (order/disorder transition), making connected or separated clusters (percolation), 
breaking the cellular membrane (electroporation), inducing electrophoresis, electroosmosis, and 
excitation of the membrane channels. These effects are well-oriented, while the thermal effect 
primarily increases the kinetic energy of the molecules, which move faster and vibrate more 
intensely. The more considerable thermal energy may change the molecular interactions or cause 
phase changes (Figure 6). 
 

Figure 6. Nonthermal and thermal difference. (a) The nonthermal bioelectromagnetic effects vary 
widely in modifying energy absorption, allowing targeted manipulations of the chemical bonds in 

the body. (b) The thermal effects directly energize the target’s electrolyte components (ions, 
molecules, cells), significantly increasing their kinetic energy. 

 
 
The applied RF electric field changes the cells‘ polarization and has different current components 
caused by the target’s impedance (Figure 7). The target’s capacitive behavior declines a part of 
the current from the ohmic component, which is mainly responsible for thermal effects by its 
vectorial direction. 
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. Figure 7. The effects of the external RF field. (a) The intense polarization effect of the external 

field repolarizes the cells, causing hyperpolarization and depolarization states on the membrane. 
(b) The complex current has two components flowing through capacitors (membrane lipid 

layers). 
 

Many molecular and physiological processes are determined by the heterogeneous lipid domains 
serving as molecular sorting platforms [51]. The malignant cells have a denser lipid-raft population 
on their membranes than their healthy counterparts [52]. Consequently, membrane heterogeneity 
is crucial in malignant cells’ selective energy absorption (Figure 8) and appears to be a synergy of 
thermal effects with nonthermal electricity. 
 

 
Figure 8. The electromagnetic heterogeneity of the selected tumor cell. (a) The transmembrane 

protein excitations are targeted by 𝛼-dispersion. (b) The electromagnetic heterogeneity is 
targeted by particular RF frequency (C). The result is the damage associated with molecular 
patterns induced by immunogenic cell death. Abbreviations/references: εex and σex are the 

relative permittivity and conductivity of extracellular electrolytes in the microenvironment of a 
cell [53]; ε tu ex and σ tu ex are the relative permittivity and conductivity of extracellular 

electrolytes in the microenvironment of a tumor cell: εm and σm are the relative permittivity and 
conductivity of the cell membrane [54]; εin and σin are the relative permittivity and conductivity 

of intracellular electrolytes of a cell [52]; εr−in and σr−in are the relative permittivity and 
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conductivity of the intracellular side of raft proteins [55,56]; εr−ex and σr−ex are the relative 
permittivity and conductivity of the extracellular side of raft proteins [57,58]. 

 
2.4 Thermal Homeostasis 

The thermal processes have a complex nonlinear interaction with homeostatic regulation, which 
tries to keep thermal homeostasis. The hypothalamus receives thermal signals (primarily from TRP 
receptors) and acts to reduce the temperature. The principal effects are blood flow with 
vasodilation and sweating trying to cool using an evaporating process. The thermal regulation 
balances the incoming energy, which nonlinearly fluctuates in the equilibrium (Figure 9) of incoming 
energy [59]. The fluctuation has various physiological components, including the opposition 
sensory mechanisms [60] and the various relaxation times of the different processes. The basic 
relaxation times could be measured with NMR [61], and the complex processes by various 
physiological measurements [62,63]. 
 

 
Figure 9. The temperature in the homeostatic range adapts to the new conditions, defining a new 

equilibrium state. (a) Thermal homeostasis has a negative feedback loop as the basis of 
regulation. (b) In a pulse of mEHT, the heat stress rises, and exponential decline returns to the 

baseline. The thermal reference (hypothalamus) and the physiological counter action (mainly the 
blood low) have a time lag, acting later. (c) In continuing the mEHT impact, the stress, physiology, 

and reference point fluctuate decreasingly.  
 

The temperature growth of local tissue in depth has a well-known character in time at constant 

absorbed power, defined by the specific absorption rate . 
 

The absorbed energy  heats the local target, increasing its temperature (T). The 
physiological feedback process has a condition-dependent delay. Still, thermal homeostasis tries 
to restore equilibrium after the reaction time with intensive heat exchange and electrolyte 

transport , like blood and lymph. Some absorbed energy also heats the surroundings, 
initially nontargeted issues (Etissue). Consequently, the energy which increases the temperature (ET) 
is less than the incident 𝐸absorb value. The absorbed energy grows the target temperature energy, 
but a part of the energy is used up for thermal homeostatic control (primarily the blood flow 
regulation) and heat conductivity to the neighboring tissues:  
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Considering the energy balance, the Pennes equation [64] describes the heating process: 

 
 

 
 
The c, ρ, and w are the specific heat, density, and perfusion. The subscripts denote the healthy 
tissue (h) and the blood (b) values. When the Pennes equation is applied to the tumor, the 
subscript will be t. The wb is the blood perfusion rate and T and t are the temperature and time, 
respectively. The analytical solution of this partial differential equation is a difficult task. The first 
approach uses the Green function [65,66] and the Green heat kernel function [67] and uses an 
analytical solution [68]. The point source Green function solution [69] can simulate the 
nanoparticle or thin needle with very local heating. The differential equation can be well 
approached with differences when the time changes. The homeostatic control is slow enough and 
does not allow rapid changes, so the differences in the values can be used to approach the solution 
of the differential equations with enough accuracy, neglecting the minority effects in (1) at constant 
SAR. Introducing the temperature difference instead of the differential, ∆T = T − Tb , we obtain the 
following: 

 
 

where  is the relaxation time in the perfusion model according to the Pennes Equation 
(1). The solution to this difference-equation is as follows:  

 

 
 

We must approximate the relaxation time in cancerous tissue. In rough approximations, the blood 
perfusion of the tumor is 0.833 kg/sm3 when the temperature is below 41 ◦C and 0.416 kg/sm3 

when the temperature is above it [70]. Therefore, the following applies: 
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However, the inflammatory reaction occurs in the surrounding tissues and not in the tumor itself, 
so the relaxation time in this constant perfusion model is as follows: 

 
 
It is the “wash-out” time of the heat perturbation in the tissue [71], depending on the blood flow of 
the studied tissue. This is the tissue relaxation after a heat shock by the blood-flow washout 
process. Healthy tissue is measured at ∼ 4 − 7 min. The clinical standard average of SAR in the MHz 
range is 6 min [72], and we use it as a standard physiological average relaxation time, τave = 6 min. 
 
The time of thermal washout could be modified by changing the metabolic rate by lowering the 
temperature, and it will make the tail of the washout function longer in time. Consequently, a longer 
t ′ 0 > t0 a value will be added to the simple exponential, which depends on the decreased 
metabolism by the cooling process. This additional effect will cause a time lag because of the 
actual physiological time of the metabolic reaction. Due to the physiological self-time, which is 
about the same as the thermal washout physiological time, is approximately 6 min. 
 
Thermal homeostasis regulates the temperature of the tissue. The absorbed energy drives 
temperature growth, but the increased blood flow, as an energy sink, counteracts. Over time, 
thermal homeostasis fixes the temperature in the thermal equilibrium, forming a steady-state 
process. The temperature, in this case, becomes constant. The absorbed energy substitutes the 
losses by Etransport and Etissue, without changing the temperature (Figure 10). 
 

 
Figure 10. Figure 10. The phases of the temperature development while the absorption is on/off. 

The phases of the temperature development while the absorption is on/off. 
 

All these dynamic changes depend sharply on personal homeostatic regulations, the electrolyte 
transport in the targeted volume, and the incident power. The dynamism of the heat delivery may 
also profoundly change the heating process [69]. Due to the physiological changes (first due to the 
blood-stream variation), the linear dependence breaks (Figure 11). When the SAR value is moderate, 
thermal surveillance develops an equilibrium [73]. However, a higher SAR (rapid temperature gain) 
could cause overshooting, compensated only after an overshooting, but the SAR could be as much 
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as the homeostatic regulation cannot fix the temperature. Notably, the tumors are usually hotter 
than their host due to the high proliferation and energy use, even in thermal equilibrium. 
 

 
 

Figure 11. The incident heat could determine the different processes of the control process of 
thermal homeostasis. (a) (I) Is the simplest saturation, a steady state heating of a healthy tissue 

When the SAR is moderate, the temperature rise is relatively slow (this is the case in most 
regional treatments). (II) The SAR is high enough for sudden temperature changes, while the 

physiological thermal feedback only reacts later and regulates the saturation value (this is the 
case in high-energy local treatments). (III) The SAR is huge; feedback is not able to moderate the 
temperature, and it toxically burns (this is the case in most ablation treatments). (b) The tumor is 

highly heterogenic, and the temperature develops differently in its parts [71,74]. The high 
proliferation rate of the tumor enhances the deviation from the healthy equilibrium. A significant 

volume of the tumor could be necrotic without control.  
 
The blood delivers the drugs for chemotherapies and oxygen for radiotherapy, so its behaviors are 
essential. The timing of the deliveries and washing out the toxic species are important factors to 
consider. In hyperthermia applications, the thermal washout time is driven by the 𝐵𝐹 and differs 
from the nonthermal clearance of molecules (like radiofarmacons, tracers, blood-delivered 
molecules, drugs, particles, or cells) from the tissues. The main difference is in the mechanisms of 
diffusion, which are different for various blood delivered particles or molecules and heat. The 
thermal washout is also a complex process mainly driven by the 𝐵𝐹, but not determined by it alone. 
The investigations of the clearance of tracers clearly show that the clearance (wash-out) tightly 
depends on the 𝐵𝐹 but these parameters are not equal; instantaneous mixing with metabolic 
changes and diffusion breaks the unity. Also, the metabolic heat does not directly affect the 
clearance, while the thermal washout is directly modified by it.  
 
A “similarity” could be observed in the washout of tracers [74], which is a rescaling of the time, 
showing a similar scaling behavior as we saw in the heat-up process. The washout scaling 
“similarity” is also present in the wash-in of the tracer [75]. An important observation in contrast 
material studies is that the enhancement of the contrast material decreases with the temperature 
growth while increasing with the thermal cooling coefficient [76]. The main message is the high 
variability of the BF with tumor entities, and the tumors have a massively heterogeneous BF, having 
a gradient from the center to the periphery.  
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Hyperthermia protocols usually apply step-up heating specialized to the patient’s sensing. The 
heat pain effectively limits the hyperthermia dose. The patient senses the process and thus guides 
the personalized homeostatic heating-up dosing. It is more patient friendly, causing as little 
discomfort as possible because the patient’s homeostatic control is active. The central task is to 
provide the proper dose. The actual protocol for the treated patient must be optimized to the 
given conditions and curatively effective with a high standard for safety, limiting the applied dose. 
This concept is entirely different from the conventional hyperthermia goals because instead of 
trying to produce isothermal volumes (equal temperature in the tumor), it uses heterogenic 
heating, following the heterogeneity of the tissue itself. This far-from-equilibrium heating keeps 
the driving force between the heated membrane rafts and its environment, pumping the heat from 
these nanoclusters to the cell interior.  
 
When the intended dose is too much, it has to be corrected via personal notes. On the other hand, 
when the protocol presets a low energy dose, higher energy can be applied until the patient 
indicates the personalized limit. Overheating is practically impossible because the skin’s surface 
has the highest thermal load, and heat sensing is also there. This personalized dose regulation is 
the main factor for safety and, together with this, for efficacy. In proper step-up heating, no 
continuous increase of the temperature is applied. The primary governing process is homeostasis, 
so the heating fits that equilibrium. A steady-state gradual heating is necessary. The physiological 
response time must be considered. This characteristic time is when the homeostatic equilibrium 
is re-established in the new conditions after a definite disturbance. The average wash-out time in 
humans is approx. five to seven minutes. Considering the transient “break” of six min, the step-up 
heating is shown in Figure 12. A detailed calculation shows the rise in temperature and its 
dependence on the power function in step-up heating [49,50]. 
 

 
 

Figure 12. Step-up heating considers physiological adaptation. Step-up heating maintains the 
steps until homeostatic equilibrium. The provided cumulative energy could vary with the time 

intervals of the steps. 
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3. Semi-Adiabatic Synergy (SAR) 
 
At the start of the heating, when the physiology does not impact (Etransport = Etissue = 0), the complete 
ET makes a temperature increase, so in this case, the following applies: 

í  
 
where mt is the heated tumor mass, ct is the specific heat of the tumor, and ∆T is the temperature 
increase. In a shorter time than the actual relaxation of the tissue, the thermal homeostasis does 
not modify the absorbed energy, and the SAR directly defines the temperature development. Using 
(6) in this initial stage as follows: 
 

 
 
This initial period is too short, causing a physiological reaction with blood perfusion. It is “semi-
adiabatic”, and only the SAR acts for temperature development, neglecting the thermal 
homeostatic processes led by blood perfusion, but additionally keeps away from the growing 
metabolic rate, the change of the absorbed power due to the variation of electric and thermal 
parameters with the temperature, etc. All the absorbed energy appears like it would be a non-living 
target, so the thermal and nonthermal synergy appears. Due to this period not dealing with the 
homeostatic processes, the nonthermal effects occur more than in the further heating when the 
thermal control works. So, the nonthermal impact is dominantly active in this period Figure 13.  
 
The temperature profile after this semi-adiabatic period declines with the slope of the 
temperature change and seeks thermal equilibrium without changing the temperature (Figure 14). 
This equilibrium temperature requests an energy dose, which replaces the lost energy by cooling.  
 
The equilibrium process could be described with a stochastic explanation [49], approximating the 
different heat transfer parts. When thermal homeostasis stabilizes the temperature, the absorbed 
energy replaces that lost by heat conduction, convection, and radiation to keep the equilibrium. 
When the temperature development deviates from the slope, going stationary, another so-called 
constant perfusion rate model could be introduced. We seek to equilibrate the dominant factors 
that remain in the Pennes Equation (1) as follows: 
 

 
 
The solution of (8) is as follows: 
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is the time constant of the constant perfusion model. Using realistic parameters, we obtain τcp ∼= 

6 min. When t is large, the system reaches thermal equilibrium, and no further rise in the 
temperature is observed: 

 
 
When the power is switched off, the target cools down, determined by the wash-out time. 

 
Figure 13. The semi-adiabatic heating of the raft structure. The energy absorption is focused on 

the rafts. They are embedded in a well-isolating lipid layer, which has bad heat conduction, 
increasing the time lag of the body’s reaction to the heating process. 

 
 
The impedance matching covers the cooling process and stabilizes the homeostatic control in the 
subcutis layer under the electrodes. Significant differences appear in the doses during the heating 
period, showing an increase in the temperature until it reaches the stable thermal equilibrium. The 
emphasis on the thermal or nonthermal processes makes the principal difference between the two 
heating periods. The nonthermal period primarily depends on the heating technique, the position 

of the tumor, and the initial power density  
 
The semi-adiabatic period in radiation is between 10 and 15 min [77], which is about 20% of the 
complete session time. However, some protocol modifications could change the ratio. Step-up 
heating typically increases relative nonthermal dominance because the power proceeds before 
the thermal regulation becomes active. Of course, the thermal and nonthermal effects are strongly 
synergistic and tightly interact (Figure 15). 
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Figure 14. Heating process. (a) The target heated homogeneously. (b) The starting period heats 

only the target. It is semi-adiabatic. The physiological feedback has a conditional delay. (c) When 
the thermal regulation makes equilibrium, the temperature does not change, and the perfusion of 
the electrolyte transfer compensates for the incoming energy. When the power is switched off, 

the perfusion and tissue heat transfer defines the slope down (wash-out). 
 

 
Figure 15. The thermal and nonthermal effects work in synergy. The nonthermal dominates the 

semi-adiabatic heating period, while the thermal dominates the equilibrium. 
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3.1 Semi-Adiabatic Synergy (SAS) Promotes Apoptosis 

Two main categories (and many of their variants) cause cell death. Necrosis is the sudden rupture 
of the cell. The cytoplasm and the cellular organelles located freely in the extracellular matrix could 
cause inflammation or, in large quantities, could be toxic. Another major variant is apoptosis, where 
cell death is gentler. The cellular components became fragmented and could be embedded in lipid 
membranes for safe elimination. An extremely gentle fragmentation happens in immunogenic cell 
death when damage associated with a molecular pattern is released in an undestroyed form [78]. 
The unhurt molecules deliver information about the genetic structure of the cancer cell, which 
could be used to adapt the available dendritic cells for immune surveillance to overcome the 
evading capability of cancer [79,80]. The tumor-specific adaptive immune T cells (killer and helper 
cells) perform immune attacks on distant metastases to where the bloodstream delivers them [81], 
which was observed in human studies as well [82,83].  
 
Nonthermal activity was widely studied [84,85], and its synergy with a thermal component of 
absorption is also studied [4,5]. The synergy of the thermal and nonthermal effects recognized in 
mEHT increases apoptosis compared to the only thermal conditions [86–88], which has been 
shown to be complementary to chemotherapy [89] and radiotherapy [90]. The effect of 
modulation as a purely nonthermal impact also increases apoptosis [91]. 
 
3.2. In Vitro Verification  

In cell-line experimental conditions [49], it was proven that the increased temperature is 
proportional to the absorbed power (SAR) in semi-adiabatic states as shown in (7), while 
exponential declines from this linearity, as in (9), and equilibriums appear at constant temperature 
(12). The SAS conditions have nonthermal dominance. Apoptosis during this linear changing period 
may be compared to the equilibrium to study the thermal and nonthermal impact difference on 
the cellular level [49]. The experiment measured apoptosis during the two definite periods of 
energy absorption. The regular mEHT of the adenocarcinoma human alveolar basal epithelial cell 
line, A549 treatment, was performed at 42 ◦C starting from 25 ◦C. The heating details were studied 
by divided periods, as shown in Figure 17: 
 

1. Phase 1. heated the cells from the room temperature (25 ◦C) to the usual starting 
temperature of the in vitro experiments, the human body temperature (37 ◦C); 

2. Phase 2. heated the cell culture from 37 ◦C to 42 ◦C, which is the equilibrium 
temperature of many standard hyperthermia treatments expecting the thermal 
impact; 

3. Phase 3. kept the equilibrium 42 ◦C for 30 min; 

4. Phase 4. continued the equilibrium heating at 42 ◦C for the next 30 min 
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Figure 17. Analyzing the heating process in four phases: heat from 25 ℃ to 37 ℃, from 37 ℃ to 42 
℃, and keep the 42 ℃ for 30 and 60 min. (a) The power and temperature diagram: phase I and II 

18 W, phase III and IV 7.5 W, and the absorbed energy in Phase I is 10.8 kJ, in Phase II 5.4 kJ in 
Phase III 13.5 kJ, and in Phase IV 13.5 kJ [49]. (b) The development of apoptosis in mEHT and wHT 

applications in the A549 cell line. 
 

The SAS period was 15 min, (with 18 W power) the equilibrium period 30 min (7.5 W). In this case, 
the apoptosis (measured by Annexin V positive cells) was 31.18%. Remarkable apoptosis was 
measured in phases I and II, while in the longer phases III and IV, the apoptotic activity was low. 
Replacing the 1st phase with purely thermal water bath (WB) heating, apoptosis decreased to 
22.6%, and when the 2nd phase was also replaced with WB, apoptosis decreased further to 7.2%, 
showing that the non-thermal effect in the heating up SAS period had produced the majority of 
apoptosis (Figure 18). Counting that the SAS had 18 W for 15 min (16.2 kJ ), equilibrium needs only 
7.5 W of power for 30 min (13.5 kJ). The energy-corrected expected apoptosis in the equilibrium 
period increased a little and became ~8.64%, but much smaller than the apoptosis in the SAS 
period. With the WB (42 ℃) and the incubation (37 ℃), applied for the same time when the mEHT 
treatment was performed, apoptosis was low at 2.61% and 2.42% respectively.  
 

Numerous control experiments were performed [49], substituting the various phases with WB or 
incubation; the results showed the same dominance of the SAS period in apoptotic production. 
When the treatment time in the equilibrium temperature (42 ◦C) was doubled (added Phase 4.), 
apoptosis grew significantly from 31.18% to 31.63%. However, when the equilibrium period cooled 
down the cell line to 37 ◦C for 5 min and up again to 42 ◦C in the next 5 min, apoptosis significantly 
increased to 51% altogether (Figure 19). In this experiment, the pulsing increased apoptosis to more 
than two times more than the standard mEHT at the same time and same temperature. This 
remarkable result gave rise to the idea of the pulsed mEHT development. 
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Figure 18. The apoptosis is high in the mEHT, keeping the treated adenocarcinoma human 
alveolar basal epithelial cell line, A549, at 42 ◦C, and statistically does not differ from the time of 
keeping the equilibrium (45 min or 75 min treatments), but the water bath with the same 42 ◦C 
has significantly less apoptosis in the same cell line and, at the same time [49]. This difference 
was observed by others, too [84,86]. It is noteworthy that the process in the incubator at 37 ◦C 

has statistically the same result as the water bath at 42 ℃. Results are significant (**, p < 0.005). 
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Figure 19. The interruption by pause/pulse power made a significant improvement in apoptosis. 

(a) the power impulse and the consequent temperature change in time. (b) The apoptosis 
development Figure 19. The interruption by pause/pulse power made a significant improvement 

in apoptosis. (a) the power impulse and the consequent temperature change in time. (b) The 
apoptosis development over time with mEHT and wHT is related to temperature. (c) Apoptosis in 
different treatment conditions. The difference between the continuous and pulsed treatment is 

highly significant (***, p < 0.0005). 
 
The pulsing role in apoptosis well supports the importance of the semi-adiabatic heating period. 
At the same time, it proves the decisional role of the nonthermal effects on apoptosis. These 
experiences were verified in vivo. 
 
 
3.3. In Vivo Verification 

The in vitro rat model used immunocompetent animals [92]. An RG2 [D74] (ATCC®, CRL 2433™, 
Manassas, VA, USA) astrocytoma [93] was inoculated into the parietal lobe of syngeneic Fischer 
344 rats. The inoculation was syngeneic, genetically sufficiently identical, and immunologically 
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compatible to allow for transplantation. There were three groups (three animals in each): (1) sham, 
(2) continuous mEHT, and (3) periodically stopped, pulsed mEHT treatments. The pulsing periods 
were 6 min with a 0.5 duty cycle, using the homeostatic relaxation time shown in Figure 20. A 
gadolinium-based MRI contrast agent (MAGNEVIST®, 0.5 mmol/mL, 0.2 mL/kg bdw) was used to 
detect lesions associated with an altered blood-brain barrier, and the volume of the tumor was 
quantified at the 8th and 15th days after inoculations. The brain temperature was evaluated 
indirectly by measuring the temperature in the middle ear and using a correlation curve set up in 
an earlier experiment. 
 

 
Figure 20. (a) The applied protocol. (b) Well-localized energy targeting on the head of the rat. (c) 

The parameters during the treatment [93]. 
 
 

The tumor growth rate between the 8th and 15th days after inoculations was, in the case of sham 
animals, 23.73 ± 12.15, in the treated with classical mEHT protocol, 19.08 ± 0.49, and in the treated 
with pulsing mEHT protocol, 6.83 ± 2.02 (Figure 21). 
 

 
 

Figure 21. In vivo verification of the advantage of pulsed mEHT. (a) MRI imaging of the tumor 15th-
day post-treatment with the Mediso nanoScan 1T small animal MRI system and a 3D image 

acquisition sequence MAGNEVIST®, 0.5 mmol/mL, 0.2 mL/kg body. (b) Tumor growth rate after 
the treatment (15th day) [92]. Results are significant (*, p < 0.05). 
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The immunohistochemical analysis shows the highest effects of the extracellular release of HSP70 
in pulsed treatment. The extracellular HSP70 molecule has a decisional role [94] in tumor-specific 
immune reactions, delivering information for antigen-presenting and killer T cell priming [95,96]. 
The reduction of the Ki67 protein, which marks proliferation, shows the suppression of the 
malignant activity in the rat highest with pulsed mEHT, Figure 22. 
 

 
Figure 22. The increase of the extracellular HSP70 and the reduction of the Ki67 proliferation 

marker significantly increased in the pulsed experiment [92]. 
 
 

4. Pulsing Modulated Electro Hyperthermia 
 
It is early knowledge that the blood flow and the speed of the heat delivery are connected. Rapid 
heating well differentiates the blood flow between the tumor and healthy host, while at slow 
heating, this difference tends to disappear [78], even when both were performed for 20 min at 43 
◦C. In an early experiment, a heating pulse (45 ◦C, 10 min) was used to treat experimental 
rhabdomyosarcoma BAll12 cells before continuous hyperthermia exposure for 3 h at 42.5 ◦C [97]. 
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The starting pulse had a noticeable role in the results of the hyperthermia procedure. These 
observations emphasize the role of the semi-adiabatic heating period as one of the factors in the 
selection. Pulsed hyperthermia in cancer treatment refers to a technique where heat is applied to 
tumor tissue in short, controlled bursts rather than continuously. This approach can potentially 
enhance the effectiveness of cancer treatments while minimizing damage to healthy surrounding 
tissues. Pulsing is not a new heating technique. The precise temperature adjustment often uses 
pulsing for preciosity, like in the incubators [98]. Hyperthermia in cancer therapy also uses thermal 
cycling to enhance even the anticancer effect of natural compounds in pancreatic malignant cells 
[99], and it was also used in human treatment [100]. 
 
Continuous hyperthermia can also damage healthy tissues surrounding the tumor. Pulsed heating 
addresses this concern by delivering heat in cycles, having a heating phase (applied for a short 
duration and raising the temperature to the desired level), and following it with the resting phase 
(heating is stopped, allowing the tissue to cool down partially). This cycling provides for the 
following: 

• Reduced risk of damage to healthy tissues: since healthy tissues cool down faster 
than tumors, they experience less heating during the resting phase 

• Potentially enhanced tumor damage: some tumor cells might be more susceptible 
to heat when exposed to pulsed heating than continuous heat; 

• Improved treatment tolerability: patients may experience fewer side effects due to 
reduced overall heat exposure. 

 
The nonthermal effects of pulsed electromagnetic fields have also been investigated [101] and are 
shown to have a harmful nonthermal effect when the pulsing power is high. Damage by the pulsing 
heat treatment is also displayed in skin layer experiments [102] and well applicable for the chemical 
and thermal activation of the TRPV3 vanillin receptor [103], which otherwise has a role in 
immunogenic effects in mEHT applications because the mechanism of these channels could be 
modified by electric field [5]. An essential application of the pulsed electric treatment makes the 
transient reversible opening of the blood-brain barrier (BBB) [104–106]. This non-invasive method 
could be applied to promote drug delivery to the brain, which the BBB blocks. The opening 
mechanism is connected to the impact on tight junctions even without thermal effect [107]. When 
the power has a periodic increase, the applied step-up heating is also a pulsed process with very 
low frequency. The pulsed electric field (PEF) heating has particular applications in pain 
management [108,109]. The oncological applications have just started and have a good perspective 
[110]. The pulses are short (most nanoseconds) [111]. Longer heating times (50 s) by magnetic pulses 
shows the usual heating pattern for breast cancer hyperthermia treatment [112] and for induced 
damage of the tumor microcirculation. Electrochemotherapy (ECT) is developing on this basis. 
Continuous ECT (galvanic treatment) is an old therapy [113], also developed in the early 1990s in 
Bad Aibling (Germany) [114]. The PEF application is quickly developing in electroporation [115]. While 
the “pulsing technique” is commonly used in hyperthermia treatments, capacitive hyperthermia 
specifically does not utilize this technique broadly.  
 
The new mEHT with a pulsing technique is thermally assisted and provides all the advantages of 
continuous mEHT operation. The above-described selective mechanisms target the membrane 
rafts and the membrane microdomains, which have a role in intracellular signal excitation and 
regulation, as well as the ICD processes. The targeting of membrane rafts helps to develop novel 
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complementary therapies to increase the sensitivity to chemotherapeutic compounds, opening 
the gate for drug penetration into the cell and reducing multidrug resistance [116]. The capacitive 
coupling could also give a unique advantage in modifying the membrane voltage [117] with a low 
electric field.  
 
The personal sensing homeostatic step-up heating solves safety problems when the patient 
communicates about identifying any discomfort. The question naturally arises about the reliability 
of subjective sensing, but personal sensing is the best available method for monitoring the heating 
process. Personal sensing is typically used to drive many protocols active in today’s medical 
treatments. When the patient cannot tolerate the prescribed dose, it is lowered, trying to fit it to 
the personal tolerance level. There is no reliable personalized dosing without controlling the 
guidance of personal sensing. In pulsed heat treatment, immense power can be tolerated for the 
short pulsing time when the time between the two pulses is long enough to return the temperature 
to the tolerable zone, at least partially. In these conditions, personal sensing will be the average 
time of the power. The slow thermal and physiologic reaction to the rapid power absorption makes 
averaging possible. By applying heat in pulses, healthy tissue surrounding the targeted area has 
more time to cool between pulses, potentially minimizing damage and side effects. This can be 
especially beneficial for tumors located near sensitive organs or nerves. 
 
The duty cycle is as follows: 

 
where ⟨P⟩ is the average, Pp is the pulsed power, tp is the pulse width, and tr is the repetition time. 
While the pulse “window is rectangular, the resulting heating pattern differs. It all depends on the 
thermal parameters of the targeted mass (Figure 23). 
 

 
 

Figure 23. The electric pulsing and the thermal reaction differ. (a) The pulse heats the material, 
which is slower than the electric signal, and the end of the pulse starts a cooling process. (b) The 
thermal parameters of the target (𝑡0 ) define the relaxation time of heating–cooling phases. The 

change of 𝑡0 may drastically change the thermal pulse at the same electric pulsing. 
 

When the duty cycle is low, the average temperature is unchanged and remains on the baseline, 
having enough time to cool between the pulses. However, when the duty cycle grows, the cooling 
down period relatively shortens and could not be enough to reach the baseline again. In this case, 
the average temperature rises. The growing temperature follows roughly a cumulative Weibull 
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function [49] 𝑊=  where 𝑛 is the is shape parameter, and t0 is the time parameter. 
Both depend on the target material (Figure 24). 
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Figure 24. Effect of the duty cycle. (a) When the off-period of the pulsing is shorter than 
necessary for the thermal return to the baseline, the target cumulates the heat, and the overall 
average temperature grows. (b) The average temperature growth can usually be described with 

the Weibull function . (c) The pulsed heating process with Weibull heat-shape. 
 

4.2. Advantages 

 
The pulsing of mEHT has numerous advantages, as follows: 

1. Enchanted Efficacy:  

a. The active factor of the mEHT is the RF current, which selectively flows through the 
target. In pulsing conditions, the extreme power gives a proportionally sizeable 
current density, which causes an effect. Pulsed heating can be more effective at 
killing cancer cells than continuous heating at the same average temperature; 

b. The pulsing induces he semi-adiabatic start of temperature growth, which 
accounts for the most significant part of apoptosis and induces immunogenic 
processes; 

c. In a low-duty cycle, increased blood flow to the tumor during the off pulses can 
bring in more oxygen and nutrients needed for the heat to damage the cells. 

d. The high-power pulse may induce reversible electroporation, increasing synergic 
efficacy with complementary chemo and immune therapies; 

e. Pulsed heating does not drastically influence homeostatic regulation as continuous 
heating does. So, the treatment and natural regulations are more effective in 
cooperative harmony; 

f. Studies show that pulsed electric fields effectively relieve pain, improving patients’ 
quality of life. 

 
2. Control and Flexibility: 

a. Pulsed heating allows for finer control over the temperature delivered to the target 
area. The pulse duration, frequency, and power can be adjusted to achieve the 
desired therapeutic effect while minimizing the heating of surrounding tissue; 

b. The power in the pulses may be kept constant; only the duty cycle changes the 
average power, which determines the temperature. Like digital technologies, the 
continuous power (and constant energy absorption in a pulse) makes the dose 
more controllable; 

c. The associated side effects are reduced due to the pulsed heating and its relatively 
long relaxing time with a low-duty cycle; 

d. The synergy of the thermal and nonthermal electric absorption is more reliable; 

e. Despite the large pulse power, skin and adipose burns are less likely because the 
subcutaneous blood flow is active, may quickly reduce the heat stress in the 
pausing period, the pulse is short to burn, and the low-duty cycle ensures the low 
average temperature on the surface, too. 
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3. Potential Dose Reduction: 
a. Due to potentially higher efficacy, pulsed heating might require lower overall heat 

doses than continuous heating, potentially reducing treatment time; 

b. The specific benefits of pulsed heating may vary depending on the type of cancer, 
tumor size, location, and other factors. 

 
4. Technical advantages; 

a. The reduced cooling facility makes designing a simpler and more efficient 
electrode system possible; 

b. Forcing step-up heating is unnecessary; choosing the semi-adiabatic phase is 
automatic and self-adjusted; 

c. The tuning is more accessible because the power (the pulse intensity) is constant 
during all the processes; 

d. Having 200 W in continuous heating, the power is at a 36 cm depth (the heaviest 
patient) and is ∼ 15% of the incident field, which is ∼ 30 W. In the pulsed case, 
reaching the same temperature with 800 cap W pulses with 0.24 duty cycle 
(average power is also 200 cap W like it was in the continuous case), the power at 
36 cm will be 120 W in pulses, which is a significant increase. I propose the idea 
that this method treats all depths in humans equally. 

 
4.3. Limitations 

While pulsed mEHT shows significant advantages in cancer treatment, there are still potential 
limitations and adverse effects. The severity of the possible adverse effects depends on various 
factors, such as individual health, treatment parameters, and tumor characteristics. 
 

1. Local tissue damage: Although pulsed heating reduces overall heating time, localized 
areas within the treatment zone may still experience high temperatures, potentially 
leading to extended tissue damage. The selection mechanisms on the tumor localize 
it, so the host tissues are likely safe. Still, we may lose part of the immunogenic 
advantages by the necrotic way of tumor cell death; 

2. Pain: The heating process can cause discomfort, and individual sensitivity varies. 
Some patients might experience more intense pain with pulsed heating than 
continuous heating, but the overall pain reduction after the treatment likely works 
for all;  

3. Nerve effect: Depending on the location, pulsed mEHT could lead to local numbness, 
tingling, or other nerve-related issues, depending on the patient’s state; 

4. Systemic effects: Like any hyperthermia treatment, pulsed heating can cause 
systemic effects like thirstiness, fever, chills, fatigue, nausea, and vomiting. The 
severity of these effects depends on factors like individual health, treatment 
parameters, underlying medical conditions, and complementary medical 
applications;  
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5. Tumor-specific risks: The significantly high-power intensity in the pulses may cause 
rapid tumor lysis syndrome, which is toxic; 

6. Unforeseen complications: As with any new medical technology, unforeseen 
complications are always possible. More research is needed to fully understand the 
long-term effects and potential rare side effects of pulsed mEHT. Open 
communication and regular monitoring during treatment are crucial to identify and 
promptly manage any adverse effects; 

7. Technical challenge: 

a. The pulsing power and temperature averages could differ depending on the 
tumor’s thermal washout physiology, which patients may have differently. 

b. The average power depends on the duty-cycle, so it does not serve as a 
dose in the mEHT as it was in continuous power. The dose could be only the 
integrative absorbed energy. 

c. The pulsing can change the original 1/ f modulation depending on its duty 
cycle. 

 

5. Conclusions 
 
The pulsed mEHT treatment gives additional advantages to the standard modulated electro-
hyperthermia. This type of treatment provides promising improvements in terms of safety and 
efficacy. The additional impulse modulation (high-power pulsing) increases the mEHT efficacy. The 
increased penetration depth supports the treatment of deep-seated tumors for heavy patients, 
and the decreased thermal load on the skin and the adipose tissues increases the patient’s safety 
and quality of life. 
 
Funding: This research was funded by Oncotherm GmbH, Troisdorf, Germany. 
Conflicts of interest: The author is a consultant of Oncotherm GmbH, Troisdorf, Germany. 
 
 

References 
 
1. Lurito, P.W. The message was electric. IEEE Spectr. 1984, 21, 84–96. [CrossRef] 

2. Advertisement of German Electric Appliance Agency. In Free Lance; 1902; II, p. 18. Available 
online: https://paperspast.natlib. govt.nz/newspapers/NZFL19020419.2.21.1 (accessed on 24 
June 2024). 

3. Andocs, G.; Renner, H.; Balogh, L.; Fonyad, L.; Jakab, C.; Szasz, A. Strong synergy of heat and 
modulated electro- magnetic field in tumor cell killing, Study of HT29 xenograft tumors in a 
nude mice model. Strahlenther. Onkol. 2009, 185, 120–126. [CrossRef] [PubMed] 

4. Szasz, A. Thermal and nonthermal effects of radiofrequency on living state and applications as 
an adjuvant with radiation therapy. J. Radiat. Cancer Res. 2019, 10, 1–17. [CrossRef] 



 Oncothermia Journal Volume 38   |   August 2026  

Page 63 | 217  

5. Szasz, A.M.; Lorant, G.; Szasz, A.; Szigeti, G. The immunogenic connection of thermal and 
nonthermal molecular effects in modulated electro-hyperthermia. Open J. Biophys. 2023, 13, 
103–142. [CrossRef] 

6. Szasz, A. Heterogeneous heat absorption is complementary to radiotherapy. Cancers 2022, 14, 
901. [CrossRef] [PubMed] 

7. Szasz, A. The capacitive coupling modalities for oncological hyperthermia. Open J. Biophys. 
2021, 11, 252–313. [CrossRef] 

8. Kakehi, M.; Ueda, K.; Mukojima, T.; Hiraoka, M.; Seto, O.; Akanuma, A.; Nakatsugawa, S. Multi-
institutional Clinical Studies on hyperthermia combined with radiotherapy or chemotherapy or 
chemotherapy in advanced cancer of deep-seated organs. Int. J. Hyperth. 1990, 6, 719–740. 
[CrossRef] 

9. Egawa, I.; Watanabe, S.; Ohno, Y.; Morita, K.; Tominaga, S.; Onoyama, Y.; Hashimoto, S. A 
randomized clinical trial of hyperthermia and radiation versus radiation alone for superficially 
located cancers. J. Jap. Soc. Ther. Radiol. Oncol. 1989, 1, 135–140. 

10. Otsuka, T.; Yonezawa, M.; Kamiyama, F.; Matsushita, Y.; Matsui, N. Results of surgery and radio-
hyperthemo-chemotherapy for patients with soft tissue sarcoma. Int. J. Clin. Oncol. 2001, 6, 
253–258. [CrossRef] 

11. Doi, O.; Kodama, K.; Tatsuta, M.; Higashiyama, M.; Aoki, Y.; Kuriyama, K.; Tateishi, R. Effectiveness 
of intrathoracic chemothermotherapy for malignant pleurisy due to Ewing’s sarcoma: A case 
report. Int. J. Hyperth. 1990, 6, 947–963. [CrossRef] 

12. Ishikawa, T.; Kokura, S.; Sakamoto, N.; Ando, T.; Imamoto, E.; Hattori, T.; Oyamada, H.; Yoshinami, 
N.; Sakamoto, M.; Kitagawa, K.; et al. Phase II trial of combined regional hyperthermia and 
Gemcitabine for locally advanced or metastatic pancreatic cancer. Int. J. Hyperth. 2012, 28, 
597–604. [CrossRef] [PubMed] 

13. Masunaga, S.; Hiraoka, M.; Takahashi, M.; Jo, S.; Akuta, K.; Nishimura, Y.; Nagata, Y.; Abe, M. Clinical 
results of thermoradiotherapy for locally advanced and/or recurrent breast cancer-
comparison of results with radiotherapy alone. Int. J. Hyperth. 1990, 6, 487–497. [CrossRef] 
[PubMed] 

14. Nagata, Y.; Hiraoka, M.; Nishimura, Y.; Masunaga, S.; Mitumori, M.; Okuno, Y.; Fujishiro, M.; Kanamori, 
S.; Horii, N.; Akuta, K.; et al. Clinical results of radiofrequency hyperthermia for malignant liver 
tumors. Int. J. Radiat. Oncol. Biol. Phys. 1997, 38, 359–365. [CrossRef] 

15. Asao, T.; Sakurai, H.; Harashima, K.; Yamaguchi, S.; Tsutsumi, S.; Nonaka, T.; Shioya, M.; Nakano, T.; 
Kuwano, H. The synchronization of chemotherapy to circadian rhythms and irradiation in pre-
operative chemoradiation therapy with hyperthermia for local advanced rectal cancer. Int. J. 
Hyperth. 2006, 22, 399–406. [CrossRef] 

16. Nishimura, Y.; Hiraoka, M.; Akuta, K.; Jo, S.; Nagata, Y.; Masunaga, S.-I.; Takahashi, M.; Abe, M. 
Hyperthermia combined with radiation therapy for primarily unresectable and recurrent 
colorectal cancer. Int. J. Radiat. Oncol. Biol. Phys. 1992, 23, 759–768. [CrossRef] [PubMed] 

17. Ohguri, T.; Imada, H.; Kato, F.; Yahara, K.; Morioka, T.; Nakano, K.; Korogi, Y. Radiotherapy with 8MHz 
radiofrequency-capacitive regional hyperthermia for pain relief of unresectable and recurrent 
colorectal cancer. Int. J. Hyperth. 2006, 22, 1–14. [CrossRef] 



 Oncothermia Journal Volume 38   |   August 2026  

Page 64 | 217  

18. Mochiki, E.; Shioya, M.; Sakurai, H.; Andoh, H.; Ohno, T.; Aihara, R.; Asao, T.; Kuwano, H. Feasibility 
study of postoperative intraperitoneal hyperthermotherapy by radiofrequency capacitive 
heating system for advanced gastric cancer with peritoneal seeding. Int. J. Hyperth. 2007, 23, 
493–500. [CrossRef] 

19. Matsui, K.; Takebayashi, S.; Watai, K.; Kakehi, M.; Kubota, Y.; Yao, M.; Shuin, T. Combination 
radiotherapy of urinary bladder carcinoma with chemohyperthermia. Int J. Hyperth. 1991, 7, 19–
26. [CrossRef] 

20. Arends, T.J.H.; Nativ, O.; Maffezzini, M.; de Cobelli, O.; Canepa, G.; Verweij, F.; Moskovitz, B.; van 
der Heijden, A.G.; Witjes, J.A. Results of a randomized chemohyperthermia with Mitomycin C 
versus Bacillus Calmette-Guérin for adjuvant treatment of patients with intermediate—And 
high-risk non-muscle-invasive bladder cancer. Eur. Urol. 2016, 69, 1046–1052. [CrossRef] 

21. Sugimach, K.; Kuwano, H.; Ide, H.; Toge, T.; Saku, M.; Oshiumi, Y. Chemotherapy combined with or 
without hyperthermia for patients with oesophagael carcinoma: A prospective randomized 
trial. Int. J. Hyperth. 1994, 10, 485–493. [CrossRef]  

22. Ohguri, T.; Imada, H.; Yahara, K.; Morioka, T.; Nakano, K.; Terashima, H.; Korogi, Y. Radiotherapy 
with 8-MHz radiofrequencycapacitive regional hyperthermia for stage III non-small cell lung 
cancer: The radiofrequency-output power correlates with the intraesophageal temperature 
and clinical outcomes. Int. J. Radiat. Oncol. Biol. Phys. 2009, 1, 128–135. [CrossRef] [PubMed] 

23. Ohguri, T.; Imada, H.; Yahara, K.; Morioka, T.; Nakano, K.; Terashima, H.; Korogi, Y. Deep regional 
hyperthermia for the whole thoracic region using 8MHz radiofrequency-capacitive heating 
device: Relationship between the radiofrequency-output power and the intra-oesophageal 
temperature and predictive factors for a good heating in 59 patients. Int. J. Hyperth. 2011, 27, 
20–26. 

24. Huilgol, N.G.; Gupta, S.; Sridhar, C.R. Hyperthermia with radiation in the treatment of locally 
advanced head and neck cancer: A report of randomized trial. J. Cancer Res. Ther. 2010, 6, 492–
496. [CrossRef] 

25. Datta, N.R.; Bose, A.K.; Kapoor, H.K.; Gupta, S. Head and neck cancers: Results of 
thermoradiotherapy versus radiotherapy. Int. J. Hyperth. 1990, 6, 479–486. [CrossRef] 
[PubMed]  

26. Ohguri, T.; Imada, H.; Narisada, H.; Yahara, K.; Morioka, T.; Nakano, K.; Miyaguni, Y.; Korogi, Y. 
Systemic chemotherapy using paclitaxel and carboplatin plus regional hyperthermia and 
hyperbaric oxygen treatment for non-small cell lung cancer with multiple pulmonary 
metastases: Preliminary results. Int. J. Hyperth. 2009, 25, 160–167. [CrossRef] [PubMed]  

27. Kodama, K.; Doi, O.; Tatsuta, M.; Kuriyama, K.; Tateishi, R. Development of postoperative 
intrathoracic chemo-thermotherapy for lung cancer with objective of improving local cure. 
Cancer 1989, 64, 1422–1428. [CrossRef] [PubMed] 

28. Mitsumori, M.; Zeng, Z.-F.; Oliynychenko, P.; Park, J.H.; Choi, B.I.; Tatsuzaki, H.; Tanaka, Y.; Hitaoka, 
M. Regional hyperthermia combined with radiotherapy for locally advanced non-small cell lung 
cancers: A multi-institutional prospective randomized trial of the International Atomic Energy 
Agency. Int. J. Clin. Oncol. 2007, 12, 192–198. [PubMed] 



 Oncothermia Journal Volume 38   |   August 2026  

Page 65 | 217  

29. Kitamura, K.; Kuwano, H.; Watanabe, M.; Nozoe, T.; Yasuda, M.; Sumiyoshi, K.; Saku, M.; Sugimachi, 
K. Prospective randomized study of hyperthermia combined with chemoradiotherapy for 
esophageal carcinoma. J. Surg Oncol. 1995, 60, 55–58. [CrossRef]  

30. Szasz, O.; Szigeti, G.; Szasz, A. Connections between the specific absorption rate and the local 
temperature. Open J. Biophys. 2016, 6, 53–74. [CrossRef] 

31. Papp, E.; Vancsik, T.; Kiss, E.; Szasz, O. Energy absorption by the membrane rafts in the 
modulated electro-hyperthermia (mEHT). Open J. Biophys. 2017, 7, 216–229. [CrossRef] 

32. Govorov, A.O.; Richardson, H.H. Generating heat with metal nanoparticles. NanoToday 2007, 2, 
30–38. [CrossRef] 

33. Szasz, O.; Andocs, G.; Meggyeshazi, N. Modulation effect in oncothermia. Hindawi Publishing 
Corporation. Conf. Pap. Med. 2013, 2013, 395678. 

34. Szasz, O. Bioelectromagnetic paradigm of cancer treatment—Modulated electro-hyperthermia 
(mEHT). Open J. Biophys. 2019, 9, 98–109. [CrossRef] 

35. Szasz, A. Bioelectromagnetic Paradigm of Cancer Treatment Oncothermia. In 
Bioelectromagnetic and Subtle Energy Medicine; Paul, J.R., Ed.; CRC Press: Boca Raton, FL, USA; 
Taylor & Francis Group: Oxford, UK, 2015; pp. 323–336. 

36. Semenza, G.L. Tumor metabolism: Cancer cells give and take lactate. J. Clin. Investig. 2008, 118, 
3835–3837. [CrossRef] [PubMed] 

37. Stoy, R.D.; Foster, K.R.; Schwan, H.P. Dielectric properties of mammalian tissues form 0.1 to 100 
MHz: A summary of recent data. Phys. Med. Biol. 1982, 27, 501–513. [CrossRef] 

38. Foster, K.R.; Schepps, J.L. Dielectric properties of tumor and normal tissues at radio through 
microwave frequencies. J. Microw. Power 1981, 16, 107–119. [CrossRef] [PubMed] 

39. Gershing, E. Monitoring temperature-induced changes in tussue during hyperthermia by 
impedance methods. In Electrical Bioimpedance Methods; Riu, P.J., Ed.; New York Academy of 
Sciences: New York, NY, USA, 1999; Volume 873, pp. 13–20. 

40. Oehr, P.; Biersack, H.J.; Coleman, R.E. PET and PET-CT in Oncology; Springer: Berlin/Heidelberg, 
Germany, 2004. 

41. Larson, S.M. Positron Emission Tomography-Based Molecular Imaging in Human Cancer: 
Exploring the Link between Hypoxia and Accelerated Glucose Metabolism. Clin. Cancer Res. 
2004, 10, 2203–2204. [CrossRef] 

42. Sha, L.; Ward, E.R.; Story, B. A review of dielectric properties of normal and malignant breast 
tissue. In Proceedings of the IEEE SoutheastCon 2002 (Cat. No.02CH37283), Columbia, SC, USA, 
5–7 April 2002; pp. 457–462. 

43. Blad, B.; Wendel, P.; Jonsson, M.; Lindstrom, K. An electrical impedance index to distinguish 
between normal and cancerous tissues. J. Med. Eng. Technol. 1999, 23, 57–62. [CrossRef] 

44. Szentgyorgyi, A. Electronic Biology and Cancer; Marcel Dekker: New York, NY, USA, 1998. 

45. Szentgyorgyi, A. The Living State and Cancer; Marcel Dekker: New York, NY, USA, 1978. 

46. Szigeti, G.P.; Szasz, O.; Hegyi, G. Connections between Warburg’s and Szentgyorgyi’s Approach 
about the Causes of Cancer. J. Neoplasm 2017, 1, 1–13. 



 Oncothermia Journal Volume 38   |   August 2026  

Page 66 | 217  

47. Joy, M.L.G. MR current density and conductivity imaging: The state of the Art, Engineering in 
Medicine and Biology. In Proceedings of the IEMBS 26th Annual International Conference of the 
IEEE, San Francisco, CA, USA, 1–5 September 2004; Volume 2, pp. 5315–5319. 

48. Muftuler, L.T.; Hamamura, M.J.; Birgul, O.; Nalcioglu, O. In vivo MRI electrical impedance 
tomography (MREIT) of tumors. Technol. Cancer Res. Treat. 2006, 5, 381–387. 

49. Kao, P.H.-J.; Chen, C.-H.; Tsang, Y.-W.; Lin, C.-S.; Chiang, H.-C.; Huang, C.-C.; Chi, M.-S.; Yang, K.-
L.; Li, W.-T.; Kao, S.-J.; et al. Relationship between energy dosage and apoptotic cell death by 
modulated electro-hyperthermia. Sci. Rep. 2020, 10, 8936. [CrossRef] [PubMed] 

50. Szasz, O.; Szasz, A. Approaching complexity: Hyperthermia dose and its possible measurement 
in oncology. Open J. Biophys. 2021, 11, 68–132. [CrossRef] 

51. Lee, I.-H.; Imanaka, M.Y.; Modahl, E.H.; Torres-Ocampo, A.P. Lipid raft phase modulation by 
membrane-anchored proteins with inherent phase separation properties. ACS Omega 2019, 4, 
6551–6559. [CrossRef] 

52. Staunton, J.R.; Agus, D.B.; Alexander, J.F.; Arap, W.; Ashili, S.; Aslan, J.E.; Bonneau, R. The Physical 
Sciences—Oncology Centers Network; A physical sciences network characterization of non-
tumorigenic and metastatic cells. Sci. Rep. 2008, 3, 1449. 

53. Kotnik, T. Theoretical Evaluation of the Distributed Power Dissipation in Biological Cells Exposed 
to Electric Fields. Bioelectromagnetics 2000, 21, 385–394. [CrossRef] [PubMed] 

54. Campello, E.M.B.; Zohdi, T.I. Design Evaluation of a Particle Bombardment System Used to 
Deliver Substances into Cells. CMES 2014, 98, 221–245. 

55. Lee, B.W.; Faller, R.; Sum, A.K.; Vattulainen, I.; Patra, M.; Karttunen, M. Structural Effects of Small 
Molecules on Phospholipid Bilayers Investigated by Molecular Simulations. Fluid Phase 
Equilibria 2004, 225, 63–68. [CrossRef] 

56. Guest, W.C.; Cashman, N.R.; Plotkin, S.S. A theory for the anisotropic and inhomogeneous 
dielectric properties of proteins. Phys. Chem. Chem. Phys. 2011, 13, 6286–6295. [CrossRef] 
[PubMed] 

57. Heikelä, M.; Vattulainen, I.; Hyvönen, M.T. Atomistic simulation studies of cholesteryl oleates: 
Model for the core of lipoprotein particles. J. Biophys. 2006, 90, 2247–2257. [CrossRef] 

58. Waxham, M.N. Molecular mobility in cells examined with optical methods. In Protein Trafficking 
in Neurons; Bean, A.J., Ed.; Academic Press: Houston, TX, USA, 2007; pp. 3–27. 

59. Cloutier, M.; Wang, E. Dynamic modeling and analysis of cancer cellular network motifs. Integr. 
Biol. 2011, 3, 724–732. [CrossRef] [PubMed] 

60. Hernandez-Nunez, L.; Chen, A.; Budelli, G.; Berck, M.E.; Richter, V.; Rist, A.; Thum, A.S.; Cardona, A.; 
Klein, M.; Garrity, P.; et al. Synchronous and opponent thermosensors use flexible cross-
inhibition to orchestrate thermal homeostasis. Sci. Adv. 2021, 7, eabg6707. [CrossRef] [PubMed] 
[PubMed Central] 

61. Mathur-DeVre, R. Biomedical implications of the relaxation behaviour of water related to NMR 
imaging. Br. J. Radiol. 1984, 57, 955–976. [CrossRef] 

62. Benson, H. The relaxation response: Its subjective and objective historical precedents and 
physiology. Trends Neurosci. 1983, 6, 281–284. [CrossRef] 



 Oncothermia Journal Volume 38   |   August 2026  

Page 67 | 217  

63. Li, X.; Sun, S.; Yao, J.; Sun, Z. Using Relaxation Time to characterize biological effects of different 
mutagens. Sci. Rep. 2020, 10, 13941. [CrossRef] [PubMed] 

64. Pennes, H.H. Analysis of tissue and arterial blood temperatures in the resting human forearm. 
J. Appl. Phys. 1948, 1, 93–122. [CrossRef] [PubMed] 

65. Deng, Z.-S.; Liu, J. Analytical solutions to 3-D bioheat transfer problems with or without phase 
change. In Heat Transfer Phenomena and Applications; Intech: London, UK, 2012; Chapter 8; pp. 
205–242. 

66. Deng, Z.-S.; Liu, J. Analytical study on bioheat transfer problems with spatial or transient heating 
on skin surface or inside biological bodies. Trans. ASME 2002, 124, 638–649. 

67. Cundin, L.X.; Roach, W.P.; Millenbaugh, N. Empirical comparison of Pennes’ Bio-Heat equation. 
Proc. SPIE 2009, 7175, 238–246. 

68. Lakhssassi, A.; Kengne, E.; Semmaoui, H. Modified Pennes’ equation modelling bio-heat transfer 
in living tissues: Analytical and numerical analysis. Nat. Sci. 2010, 2, 1375–1385. 

69. Gao, B.; Langer, S.; Corry, P.M. Application of the time-dependent Green’s function and Fourier 
transforms to the solution of the bioheat equation. Int. J. Hyp. 1995, 11, 267–285. [CrossRef] 

70. Erdman, B.; Lang, J.; Seebaas, M. Optimalisation of Temperature Distributions for Regional 
Hyperthermia Based on a Nonlinear Heat Transfer Model. Ann. N. Y. Acad. Sci. 1998, 858, 36–46. 
[CrossRef] 

71. Hasegawa, T.; Gu, Y.-H.; Takahashi, T.; Hasegawa, T.; Yamamoto, I. Enhancement of hyperthermic 
effects using rapid heating. In Thermotherapy for Neoplasia, Inflammation, and Pain; Kosaka, M., 
Sugahara, T., Schmidt, K.L., Simon, E., Eds.; Springer: Tokyo, Japan; Berlin/Heidelberg, Germany, 
2001; pp. 439–444. 

72. IEEE C95.1; IEEE Standard for Safety Levels with Respect to Human Exposure to Radio 
Frequency Electromagnetic Fields, 3 kHz to 300 GHz. IEEE: Piscataway, NJ, USA, 2005. 

73. Song, C.W.; Park, H.; Griffin, R.J. Theoretical and Experimental Basis of Hyperthermia, 
Thermotherapy for Neoplasia, Inflammation, and Pain; Kosaka, M., Sugahara, T., Schmidt, K.L., 
Simon, E., Eds.; Springer: Tokyo, Japan, 2001; pp. 394–407 

74. 74. Bassingthwaighte, J.B. Physiology and theory of tracer washout techniques for the 
estimation of myocardial blood flow: Flow estimation from tracer washout. Prog. Cardiovasc. 
Dis. 1977, 20, 165–189. [CrossRef] [PubMed] 

75. Bassingthwaighte, J.B.; Yipintosoi, T. Organ blood flow, wash-in, washout, and clearance of 
nutrients and metabolites. Mayo Clin. Proc. 1974, 49, 248–255. [PubMed] 

76. Feldmann, H.J.; Molls, M.; Hoederath, A.; Krümpelmann, S.; Sack, H. Blood flow and steady state 
temperatures in deep-seated tumors and normal tissues. Int. J. Radiat. Oncol. Biol. Phys. 1992, 
23, 1003–1008. [CrossRef] [PubMed] 

77. Fatehi, D.; van der Zee, J.; Notenboom, A.; van Rhoon, G.C. Comparison of intratumor and 
intraluminal temperatures during loco-regional deep hyperthermia of pelvic tumors. 
Strahlenther. Und Onkol. 2007, 183, 479–486. [CrossRef] [PubMed] 

78. Lee, S.Y.; Szasz, A. Immunogenic Effect of Modulated Electro-hyperthermia (mEHT) in Solid 
Tumors. In Interdisciplinary Cancer Research; Springer: Cham, Switzerland, 2022. [CrossRef] 



 Oncothermia Journal Volume 38   |   August 2026  

Page 68 | 217  

79. Tsang, Y.-W.; Huang, C.-C.; Yang, K.-L.; Chi, M.-S.; Chiang, H.-C.; Wang, Y.-S.; Andocs, G.; Szasz, A.; 
Li, W.-T.; Chi, K.-H. Improving immunological tumor microenvironment using electro-
hyperthermia followed by dendritic cell immunotherapy. BMC Cancer 2015, 15, 708. [CrossRef] 

80. Qin, W.; Akutsu, Y.; Andocs, G.; Suganami, A.; Hu, X.; Yusup, G.; Komatsu-Akimoto, A.; Hoshino, I.; 
Hanari, N.; Mori, M.; et al. Modulated electro-hyperthermia enhances dendritic cell therapy 
through an abscopal effect in mice. Oncol. Rep. 2014, 32, 2373–2379. [CrossRef] [PubMed] 

81. Vancsik, T.; Kovago, C.; Kiss, E.; Papp, E.; Forika, G.; Benyo, Z.; Meggyeshazi, N.; Krenacs, T. 
Modulated electro-hyperthermia induced loco-regional and systemic tumor destruction in 
colorectal cancer allografts. J. Cancer 2018, 9, 41–53. [CrossRef] 

82. Minnaar, C.A.; Kotzen, J.A.; Ayeni, O.A.; Vangu, M.-D.-T.; Baeyens, A. Potentiation of the abscopal 
effect by modulated electro-hyperthermia in locally advanced cervical cancer patients. Front. 
Oncol. 2020, 10, 376. [CrossRef] 

83. Chi, M.-S.; Mehta, M.P.; Yang, K.-L.; Lai, H.-C.; Lin, Y.-C.; Ko, H.-L.; Wang, Y.-S.; Liao, K.-W.; Chi, K.-
H. Putative abscopal effect in three patients treated by combined radiotherapy and modulated 
electrohyperthermia. Front. Oncol. 2020, 10, 254. [CrossRef] 

84. Wust, P.; Stein, U.; Ghadjar, P. Non-thermal membrane effects of electromagnetic fields and 
therapeutic applications in oncology. Int. J. Hyperth. 2021, 38, 715–731. [CrossRef] 

85. Wust, P.; Kortüm, B.; Strauss, U.; Nadobny, J.; Zschaeck, S.; Beck, M.; Stein, U.; Ghadjar, P. Non-
thermal effects of radiofrequency electromagnetic fields. Sci. Rep. 2020, 10, 13488. [CrossRef] 

86. Yang, K.-L.; Huang, C.-C.; Chi, M.-S.; Chiang, H.-C.; Wang, Y.-S.; Hsia, C.-C.; Andocs, G.; Wang, H.-
E.; Chi, K.-H. In vitro comparison of conventional hyperthermia and modulated electro-
hyperthermia. Oncotarget 2016, 7, 84082–84092. [CrossRef] [PubMed] 

87. Cha, J.; Jeon, T.-W.; Lee, C.G.; Oh, S.T.; Yang, H.-B.; Choi, K.-J.; Seo, D.; Yun, I.; Baik, I.H.; Park, K.R.; 
et al. Electro-hyperthermia inhibits glioma tumorigenicity through the induction of E2F1-
mediated apoptosis. Int. J. Hyperth. 2015, 31, 784–792. [CrossRef] 

88. Andocs, G.; Rehman, M.U.; Zhao, Q.-L.; Tabuchi, Y.; Kanamori, M.; Kondo, T. Comparison of 
biological effects of modulated electro-hyperthermia and conventional heat treatment in 
human lymphoma U937 cell. Cell Death Discov. 2016, 2, 16039. [CrossRef] [PubMed] 

89. Vancsik, T.; Forika, G.; Balogh, A.; Kiss, E.; Krenacs, T. Modulated electro-hyperthermia induced 
p53 driven apoptosis and cell cycle arrest additively support doxorubicin chemotherapy of 
colorectal cancer in vitro. Cancer Med. 2019, 8, 4292–4303. [CrossRef] 

90. Forika, G.; Balogh, A.; Vancsik, T.; Zalatnai, A.; Petovari, G.; Benyo, Z.; Krenacs, T. Modulated 
electro-hyperthermia resolves radioresistance of Panc1 pancreas adenocarcinoma and 
promotes DNA damage and apoptosis in vitro. Int. J. Mol. Sci. 2020, 21, 5100. [CrossRef] 
[PubMed] 

91. Wust, P.; Veltsista, P.D.; Oberacker, E.; Yavvari, P.; Walther, W.; Bengtsson, O.; Sterner-Kock, A.; 
Weinhart, M.; Heyd, F.; Grabowski, P.; et al. Radiofrequency electromagnetic fields cause non-
temperature-induced physical and biological effects in cancer cells. Cancers 2022, 14, 5349. 
[CrossRef] 

92. Portoro, I.; Danics, L.; Veres, D. Increased efficacy in treatment of glioma by a new modulated 
electro-hyperthermia (mEHT) protocol. Oncothermia J. 2018, 24, 344–356. 



 Oncothermia Journal Volume 38   |   August 2026  

Page 69 | 217  

93. Aas, A.T.; Brun, A.; Blennow, C.; Stromblad, S.; Salford, L.G. The RG2 rat glioma model. J. 
Neurooncol. 1995, 23, 175–183. [CrossRef] 

94. Danics, L.; Schvarcz, C.A.; Viana, P.; Vancsik, T.; Krenács, T.; Benyó, Z.; Kaucsár, T.; Hamar, P. 
Exhaustion of protective heat shock response induces significant tumor damage by apoptosis 
after modulated electro-hyperthermia treatment of triple negative breast cancer isografts in 
mice. Cancers 2020, 12, 2581. [CrossRef] 

95. Minnaar, C.A.; Szasz, A. Forcing the antitumor effects of HSPs using a modulated electric field. 
Cells 2022, 11, 1838. [CrossRef] [PubMed] 

96. Szasz, O. Local Treatment with Systemic Effect: Abscopal Outcome. In Challenges and Solutions 
of Oncological Hyperthermia; Szasz, A., Ed.; Cambridge Scholars: Cambridge, UK, 2020; Chapter 
11; pp. 192–205. 

97. Reinhold, H.S.; van den Berg-Blok, A. The influence of a heat pulse on the thermally induced 
damage to tumour microcirculation. Eur. J. Cancer Clin. Oncol. 1983, 19, 221–225. [CrossRef] 
[PubMed] 

98. Tisa, T.A.; Nisha, Z.A.; Kiber, M.A. Design of an Enhanced Temperature Control System for 
Neonatal Incubator. Bangladesh J. Med. Phys. 2013, 5, 53–61. [CrossRef] 

99. Lu, C.H.; Chen, W.T.; Hsieh, C.H.; Kuo, Y.Y.; Chao, C.Y. Thermal cycling-hyperthermia in 
combination with polyphenols, epigallocatechin gallate and chlorogenic acid, exerts synergistic 
anticancer effect against human pancreatic cancer PANC-1 cells. PLoS ONE 2019, 14, e0217676. 
[CrossRef] [PubMed] 

100. Kim, K.S.; Hernandez, D.; Lee, S.Y. Time-multiplexed two-channel capacitive radiofrequency 
hyperthermia with nanoparticle mediation. Biomed. Eng. Online 2015, 14, 95. [CrossRef] 
[PubMed] 

101. Yaghmazadeh, O. Pulsed high-power radio frequency energy can cause non-thermal harmful 
effects on the brain. arXiv 2023, arXiv:2309.03479v1. [CrossRef] [PubMed] [PubMed Central] 

102. Li, C.-Y.; Lin, S.-M.; Wan, Y.-Y. Prediction of Temperature Field and Thermal Damage of Multilayer 
Skin Tissues Subjected to Time-Varying Laser Heating and Fluid Cooling by a Semianalytical 
Method. Math. Probl. Eng. 2020, 2020, 5074280. [CrossRef] 

103. Chung, M.-K.; Güler, A.D.; Caterina, M.J. Biphasic currents evoked by chemical or thermal 
activation of the heat-gated ion channel. J. Biol. Chem. 2005, 280, 15928–15941. [CrossRef] 
[PubMed] 

104.Ding, G.R.; Li, K.C.; Wang, X.W.; Zhou, Y.C.; Qiu, L.B.; Tan, J.; Xu, S.L.; Guo, G.Z. Effect of 
electromagnetic pulse exposure on brain micro vascular permeability in rats. Biomed. Environ. 
Sci. 2009, 22, 265–268. [CrossRef] 

105. Wang, Q. The study of dose-response relationship of pulsed electromagnetic radiation on 
rat blood-brain-barrier. Chin. J. Dis. Control Prev. 2003, 7, 401–404. 

106. Li, K.; Zhang, K.; Xu, S.; Wang, X.; Zhou, Y.; Zhou, Y.; Gao, P.; Lin, J.; Ding, G.; Guo, G. EMP-induced 
BBB-disruption enhances drug delivery to glioma and increases treatment efficacy in rats. 
Bioelectromagnetics 2018, 39, 60–67. [CrossRef] [PubMed] 



 Oncothermia Journal Volume 38   |   August 2026  

Page 70 | 217  

107. Wang, S.; Song, Z.; Yuan, Y.; Guo, G.; Kang, J. Effects of pulse parameters on the temperature 
distribution of a human head exposed to the electromagnetic pulse. Sci Rep. 2021, 11, 22938. 
[CrossRef] [PubMed] [PubMed Central] 

108.Sorrell, R.G.; Muhlenfeld, J.; Moffett, J.; Stevens, G.; Kesten, S. Evaluation of pulsed 
electromagnetic field therapy for the treatment of chronic postoperative pain following lumbar 
surgery: A pilot, double-blind, randomized, sham-controlled clinical trial. J. Pain Res. 2018, 11, 
1209–1222. [CrossRef] [PubMed] 

109. Lisi, A.J.; Scheinowitz, M.; Saporito, R.; Onorato, A.A. Pulsed Electromagnetic Field Therapy 
Device for Non-Specific Low Back Pain: A Pilot Randomized Controlled Trial. Pain Ther. 2019, 8, 
133–140. [CrossRef] [PubMed] 

110. Guo, S.; Sersa, G.; Heller, R. Editorial: Pulsed electric field based technologies for oncology 
applications. Front. Oncol. 2023, 13, 1183900. [CrossRef] [PubMed] [PubMed Central] 

111. Nuccitelli, R. Application of Pulsed Electric Fields to Cancer Therapy. Bioelectricity 2019, 1, 30–
34. [CrossRef] [PubMed] [PubMed Central] 

112. Cao, T.L.; Le, T.A.; Hadadian, Y.; Yoon, J. Theoretical Analysis for Using Pulsed Heating Power in 
Magnetic Hyperthermia Therapy of Breast Cancer. Int. J. Mol. Sci. 2021, 22, 8895. [CrossRef] 
[PubMed] [PubMed Central] 

113. Mir, L.M.; Belehradek, M.; Domenge, C.; Orlowski, S.; Poddevin, B.; Belehradek, J., Jr.; Schwaab, G.; 
Luboinski, B.; Paoletti, C. Electrochemotherapy, a new antitumor treatment: First clinical trial. 
Comptes Rendus L’academie Des Sci. Ser. III 1991, 313, 613–618. 

114. Galvano- or Electrochemical Tumor Therapy (ECT). Available online: https://www.klinik-st-
georg.de/en/klinik-st-georg/stgeorge-hospital/therapies/galvano-or-electrochemical-
tumor-therapy-ect/ (accessed on 15 February 2024). 

115. Campana, L.G.; Daud, A.; Lancellotti, F.; Arroyo, J.P.; Davalos, R.V.; Di Prata, C.; Gehl, J. Pulsed 
Electric Fields in Oncology: A Snapshot of Current Clinical Practices and Research Directions 
from the 4th World Congress of Electroporation. Cancers 2023, 15, 3340. [CrossRef] 

116. Preta, G. New Insights Into Targeting Membrane Lipids for Cancer Therapy. Front. Cell Dev. Biol. 
2020, 8, 571237. [CrossRef] 

117. Robinson, V.S.; Garner, A.L.; Loveless, A.M.; Neculaes, V.B. Calculated plasma membrane voltage 
induced by applying electric pulses using capacitive coupling. Biomed. Phys. Eng. Express 2017, 
3, 025016. [CrossRef] 

 
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are 
solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). 
MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from 
any ideas, methods, instructions or products referred to in the content. 
  


